Improved methods for cryopumping helium were developed for application to fusion reactors where high helium generation rates are expected. In this study, small coconut charcoal granules were utilized as the sorbent, and braze alloys and low temperature curing cements were used as the bonding agents for attachment to a copper support structure. Problems of scale-up of the bonding agent to a 40 cm diam panel were also investigated. Our results indicate that acceptable helium pumping performance of braze-bonded and cement-bonded charcoals can be achieved over the range of operating conditions expected in fusion reactors.
I. INTRODUCTION
Development of improved methods for pumping helium is important for fusion power reactors because of their high helium generation rates. Studies'92s3 of alternative helium pumping methods included use of cryotrapping with a working fluid such as argon, and use of cryogenically cooled sorbents such as molecular sieves and charcoal. One of the more promising methods2 for helium cryopumping involves cooling of an activated charcoal sorbent to between 4.2 and 10 K. In an earlier screening study3 it was shown that the charcoal source, its size distribution, and the method of bonding to a cryogenic support have a strong influence on a cryopump's helium pumping speed and pumping capacity. In particular, it was shown that coconut charcoal granules in the 0.6-1.7 mm size range, bonded to a copper substrate with either a low temperature curing cement or a braze alloy, led to the highest reported specific helium pumping speeds3 However, scale-up and reproducibility were not fully demonstrated. Furthermore, procedures for optimizing pump performance were not developed.
In this study, the effects of braze thickness on helium pumping speed and capacity were evaluated. In addition, the effects of smaller particle size coconut charcoals were evaluated. Scanning electron microscopy (SEM) studies were performed to evaluate charcoal microstructure. The effects of hold time under vacuum, thermal cycling, and bakeout on helium pumping performance were also studied. Finally, problems of scale-up were evaluated on a 40 cm diam brazed charcoal panel. Further testing on this panel will be completed at Los Alamos National Laboratory's (LANL) Tritium Systems Test Assembly (TSTA) facility.
II. VACUUM TEST PROCEDURES
The vacuum test installation at the Lawrence Livermore National Laboratory (LLNL) Vacuum Technology Laboratory' was also used for this program and charcoal test articles were configured either as 10 cm diam samples or as segments of the 40 cm diam panel for the TSTA pump. The former were installed on a test pump appended to the main test tank, and the latter were mounted on the TSTA helium dewar installed in the main tank. Helium flow rates were held to 3-6x lop4 Torr 1 s-' cmp2. These values are representative of fusion reactor throughput rates.
Pumping speed as a function of pumping capacity was determined for all samples that were tested. The test procedure for determining pumping speed was the constant flow method, which involved introducing a fixed flow rate of helium gas into the main tank for the duration of a run. This flow was continued until a minimum of 20 min run time had elapsed. Because fusion reactor cryopumps will probably be regenerated after run periods of less than 20 min to minimize tritium inventory, data taken before 20 min elapsed time is of most interest.
Ill. EXPERIMENTAL PROCEDURES AND RESULTS

A. Optimization of particle size distribution of charcoal
In a previous study' it was found that coconut charcoal particles exhibited superior helium pumping performance to other sources of activated charcoals. This charcoal formed the base line sorbent for this study. The smallest available coconut charcoal in the 0.6-1.7 mm size range exhibited the highest helium pumping performance compared to that of larger sized coconut charcoals. These results suggested that even smaller sizes of coconut charcoal might exhibit better performance. To test this hypothesis, coconut charcoal granules in the 0.14.6 mm size range and G0.04 mm size range were bonded to 10 cm diam aluminum substrates with a silver-based epoxy adhesive. The silver based epoxy adhesive was utilized to provide a standardized conductive bonding agent for comparison of the various charcoal grades. Although such a bonding agent is not considered fusion compatible, our objective in this study was to identify one or more inorganic fusion-compatible bonding agents whose performance would be comparable to or better than that of the base line epoxy bonding agent. Test runs performed with this configuration showed a significant dropoff in helium pumping performance. Thus, it appears that the 0.6-1.7 mm size coconut charcoal represents an optimum for helium pumping.
These observations may be explained on the assumption that either the smaller sized charcoal particles were quickly "saturated" with helium on initial exposure or that the epoxy cement embedded a significant fraction of the charcoal particles, thereby rendering them ineffective for pumping helium.
In our prior work on charcoal characterization, it was shown that the coconut charcoal exhibited superior helium pumping performance to coal-based charcoals and that these differences were explainable in terms of the internal pore areas in each charcoal. To obtain a better understanding of this phenomenon, both x-ray diffraction and SEM techniques were utilized to identify possible differences in either crystallinity and/or morphology of the charcoals.
Specimens of coconut and coal-based charcoal were ground into powder and subjected to a powder diffractometer using CuKa radiation. No crystalline peaks were observed in either powder sample. Thus both grades of carbon are essentially amorphous. SEM evaluation of the external surfaces of the charcoal as shown in Fig. 1 indicates that the coconut charcoal contains significant areas of internal microporosity embedded in a lamellar-type surface structure, whereas the coal-based charcoal appears to contain more irregularly shaped areas with a lot of surface debris. No evidence of this type of internal microporosity could be found in the coal-based charcoal.
B. Evaluation of bonding agents
In prior work1v4 it was concluded that the thermal conductivity of the bonding agent between the charcoal and the substrate exerted a strong influence on the helium pumping performance of the charcoal. In particular, charcoals held by bonding materials exhibiting a high thermal conductivity appeared to yield the highest pumping performance. On this basis several commercially available braze alloys and inorganic bonding agents were evaluated for compatibility with both the charcoal and copper substrate. As a result of the screening program, a silver-based braze alloy and a metallicbased cement were identified as the base line bonding agents. The charcoal granules applied to these led to >/9870 effective area coverage for both bonding agents.
To identify the effects of bond thickness upon the helium pumping performance, 10 cm diam copper substrates were prepared for three different thicknesses of braze layer. The braze alloy was provided in sheet form as 0.008 ~2 . 5 cm wide strip. Specimens were prepared by applying one, two, or three layers of braze on the copper substrate to yield bond line thicknesses of 0.008,0.016, and 0.024 cm, respectively. Figure 2 illustrates typical test results for the three thicknesses prepared and indicates that the 0.016 cm bond layer yields the best overall pumping performance, although the 0.008 cm bond layer has comparable behavior. A significant reduction in pumping performance was observed for the 0.024 cm braze layer. This reduction was accompanied by the observation that numerous charcoal particles sheared off at the charcoalbraze bond line during cooldown from the brazing temperature, presumably from stresses developed due to the large expansion mismatch of the two materials. Thus, the effective mass of charcoal/unit area may have been greatly reduced. Figure 3 illustrates a typical pumping performance curve (run 1 and Table I ) for the cement bonded charcoal. The other runs are discussed in Sec. I11 F. Since the helium pumping performance of the cement bond was comparable to the braze bond, it was decided to continue further studies of the cement bonded charcoals. In both cases, the pumping 0 -.DO8 crn Table I for exposure history.)
performance of both the braze-bonded and the cementbonded charcoals was comparable or better than the corresponding epoxy-bonded charcoal^.^-^
C. Evaluation of substrate thickness
Three thicknesses of copper substrate were evaluated for brazing compatibility: 3.2,4.8, and 6.3 mm. Specimens were prepared with each thickness using the braze. Although all three substrate thicknesses allowed excellent bonding of charcoal, significant differences were observed among them. For example, the 3.2 mm copper substrate buckled during the brazing operation, while the 6.3 mm substrate required an excessive heat input to melt the braze and bond the charcoal. On this basis, it was decided that the 4.8 mm thick copper substrate would be optimum for scale-up procedures with the braze alloy as the charcoal bonding agent.
D. Fabrication of scaled-up panel for TSTA
Since coconut charcoal granules in the 0.6-1.7 mm range represented the optimum for helium cryopumping and a 4.8 mm thick copper substrate represented the optimum for scale-up our objective was to produce a 40 cm diam brazed charcoal cryopanel using the above mentioned materials. It was found that a 15 cm diam disk represented the largest area, 180 cm2, that could be brazed because of limitations in the brazing equipment. Thus, to accommodate a 40 cm diam specimen it was necessary to break up the total area ( 1250 cm2 ) into a network of interlocking tiles whose individual areas did not exceed this limitation. A configuration was adopted in which a central octagonal region was surrounded by eight truncated annular regions which fit together to form a 40 cm diam circle. This is illustrated in Fig. 4 .
It was also observed that in scaling up to a 180 cm2 substrate, a thin (0.32 cm) region near the edge of the specimen was devoid of charcoal. The braze alloy layer was significantly thinner in this region because the braze tended to flow down the side of the disk. To compensate for this effect, a preoxidized metal retainer wall that fitted tightly around the specimen was constructed. This approach eliminated any interaction with the braze alloy and was effective in reducing the edge effects observed. 
E. Integrity tests
Tests were performed to evaluate the integrity of optimized charcoalhond combinations after being subjected to temperature variations and to helium absorption under conditions to be expected in operation. In general, the samples were cooled from ambient temperature to liquid helium temperatures. Following a period of helium pumping, the pump dewar was warmed and the sample temperature reached 45-50 K. This warming operation permitted sample helium regeneration. The samples were cooled, and the helium pumping tests were repeated three times for samples showing the best pumping performance. In all cases, post-test examination showed that the charcoalhond remained intact.
F. Contamination studies
Additional samples using the optimized bonding techniques were prepared to evaluate the pumping speed and capacity after exposure to conditions including warmup, air, bakeout, and prolonged vacuum. A 10 cm diam braze-bonded sample and cement-bonded sample were subjected to various thermal conditions which are summarized in Table I . Figure 5 illustrates the effects of hold time on helium G. TSTA panel tests pumping performance of a braze-bonded charcoal cryopump for which no LN shielding was used during the ambient temperature hold. The specimen was maintained under vacuum for 24 h between runs. Helium pumping performance was reduced significantly after 1 and 3 day holds. The effect of maintaining the L N shield during a 24 h hold between runs is also shown. It is clear that the LN shield prevented any pump deterioration. This observation also was valid whether or not the panel either had received a prior vacuum bakeout or had been exposed to air before or after the run. Thus, helium pumping performance is strongly dependent upon maintenance of the LN shield while the charcoal is exposed to vacuum.
To evaluate the effects of baking procedures on restoration of helium pumping, the cement-bonded charcoal coupon was subjected to the combined effects of hold time with and without an LN shield and bakeout. Figure 3 illustrates these results. As observed with the braze-bonded coupons, a significant reduction in helium pumping capacity was observed after a 5 and 17 day vacuum hold without the LN shield. However, when this specimen was held an additional 6 days under vacuum and then baked out at 380400 K with the LN shield in operation, a nearly complete restoration of the original pumping performance was observed. Since both braze-bonded and cement-bonded specimens exhibited similar behavior, it must be concluded that the degradation in helium pumping performance and its subsequent regeneration are operationally controlled parameters associated with the vacuum chamber.
Although the effects of hydrogen isotope (i.e., tritium) contamination of the cryopump were not investigated, due to the low diffusion rate of hydrogen in metals at liquid He temperatures it is not expected that tritium contamination of the bonding material will be significant; however, more work will be needed to study the possible effects of bond line degradation by helium bubble formation from tritium decay on subsequent He pumping speeds. Of greater consequence may be the neutron damage to the mechanical and thermal integrity of the charcoal/substrate bond line and its subsequent effect on He pumping performance. Studies of the effects of neutron irradiation on bond line integrity will thus be needed for fusion compatible cryopumps. Table I for exposure history. )
This test series consisted of performance runs in which the liquid helium-cooled 40 cm diam panel was exposed to constant helium specific throughputs of 6 x and 3 x lop4
Torr 1 s-' cmp2, where the higher value corresponds to the specific throughput maintained in the tests of the 10 cm diam plates. The panel was vacuum baked prior to the first run. The shield surrounding the panel was maintained at liquid nitrogen temperature as long as the panel was in vacuum. During the 24 h between the first and second runs, the dewar was purged of liquid helium, warmed to 60 K to regenerate the helium gas, and then cooled for the second run. The procedure between the third and fourth performance runs repeated that of the first two runs. No performance degradation was observed using the exposure methods described above.
All performance tests of the TSTA panel were completed satisfactorily, and Fig. 6 shows that the pumping performance of the TSTA panel is unaffected by the throughput in the range of throughputs tested. It is projected from these results that a charcoal panel installed in a double chevron (compound) pump would have a nominal helium pumping speed of 4.9 1 s-' cmP2. The panel will be tested at TSTA in 1986. In this test the hydrogen isotopes will be removed from the He stream via liquid He cooled chevrons placed in front of the charcoal bonded panel.
Examination of the apparatus after removal from the test chamber showed that some charcoal granules had dropped from the panel. However, this condition is not expected to affect the panel's subsequent performance, because only the charcoal that was firmly attached to the substrate could have contributed to the helium pumping performance.
IV. DISCUSSION
We have identified a coconut charcoal, a braze alloy bonding agent, a low temperature curing metallic cement, and a copper substrate that can be utilized to build He cryopumps that will yield comparable or better He cryopumping performances than an equivalent organic epoxy-bonded system. These inorganically bonded cryopumps will yield helium pumping performances that are reproducible and will meet anticipated fusion reactor requirements for helium cryo- pumping. We identified a metallic cement bond/charcoal combination which offers the greater manufacturing flexibility expected of a low temperature curing cement as compared to a braze since brazing methods would be more difficult to apply to large complex shapes with curvilinear contours. Thus, the low temperature curing cement approach appears to be a preferred solution.
Since the interface bonding agent between the charcoal and the cryosupport will influence the heat transfer characteristics as well as determine the durability of the charcoal cryopanel, we anticipate that panels demonstrating high performance would also have good durability.
Although the effect of cryopanel exposure to various environmental conditions on helium pumping performance has been demonstrated, the causes are not fully defined. Prolonged exposure of the charcoal panel to vacuum without the LN shield in operation has an adverse effect on its helium pumping performance. However, if the thermal shield surrounding the charcoal is kept at liquid nitrogen temperature during the prolonged time between helium pumping runs, helium pumping performance is subsequently maintained. Combinations of the use of liquid nitrogen shielding with a bakeout (up to 400 K ) have restored the charcoal's high helium pumping performance. The common element in maintaining this performance appears to be the continued use of the liquid nitrogen shielding during prolonged charcoal exposure to vacuum.
These observations suggest that impurities in the vacuum system are able to adsorb onto the charcoal surfaces in the absence of the LN-cooled shield. Although the nature of these impurities is unknown, it is likely that they comprise hydrocarbons and water vapor which are common to most vacuum systems. Maintaining the LN shield clearly prevents these impurities from entering the vacuum chamber and contaminating the cryopump. The ability to restore the charcoal pump's performance after bakeout is significant because the value of charcoal as a helium sorbent would be greatly diminished if pump degradation were irreversible or unavoidable.
V. CONCLUSIONS
Helium cryopumps using activated coconut charcoal granules as the sorbent material have been shown to meet anticipated fusion reactor requirements for helium generation and removal. Materials and processing parameters have been developed to bond the charcoal granules to a cryopanel to yield specific helium pumping speeds that are relevant to fusion applications. Scale-up of a charcoal bonded panel to 40 cm in diameter has been demonstrated and reproducibility of results has been achieved. Braze alloys and low temperature curing metallic bonding agents have been shown to offer a means of joining charcoal granules to a liquid helium cooled cryopanel which yields cryopumping performance comparable to epoxy-silver bonded charcoals. To prevent degradation in helium pumping performance, liquid nitrogen shielding must be maintained to protect the charcoal panel from contaminants present in the vacuum system. Bakeout procedures have been developed to regenerate degraded charcoal panels so that the value of charcoal as a sorbent for pumping helium is greatly enhanced. Tritium compatibility and neutron irradiation tests will be needed before charcoal cryopumps can be used for fusion compatible applications. 
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